Cholinergic agonists and vagal stimulation potentiate the inducibility of atrial fibrillation. To describe the activation patterns and determine the mechanisms that sustain cholinergic fibrillation, tachyarrhythmias were induced with a single extrastimulus in the isolated Krebs-Henseleit-perfused canine right atrium (n=11) at increasing concentrations of acetylcholine (from 10-7-5 to 10-4-5 M). Bipolar electrograms were recorded from 250 epicardial sites simultaneously during control conditions and during extrastimulation (S1S1, 300 msec; S1S2, effective refractory period+5 msec) with and without acetylcholine. Activation sequence maps were constructed from each recording. Without acetylcholine, no tachyarrhythmias were induced. With increasing concentrations of acetylcholine, the refractory period decreased, and nonsustained (<2 seconds) rapid repetitive responses were induced. At higher concentrations, a sustained (>2-minute) fibrillation was induced. Activation sequence maps revealed that the rapid repetitive responses were characterized by multiple reentrant circuits. The number of circuits and wavelets increased in a dose-dependent fashion. However, unexpectedly, this trend did not continue when the tachyarrhythmia became sustained. Instead, the reentry tended to stabilize to a small, single, relatively stable reentrant circuit. In conclusion, the data suggest that, in this model, below a critical level of refractory period (<95 msec) atrial reentrant circuits, unassociated with anatomic obstacles, can become stable and dominate activation. (Circulation Research 1992;71:1254-1267 
1 k vided some of the first experimental data supporting this hypothesis. Garrey proposed that the irregular activity seen during atrial fibrillation was the result of multiple, changing, reentrant circuits modified by areas of refractory tissue. Lewis suggested that fibrillation resulted from a single reentrant loop with dissociation of the wave front to the remainder of the atrium.
On the basis of these studies and the work of Rosenbleuth and Garcia-Ramos,7 Moe8 proposed the theory known as the "multiple wavelet hypothesis," which stated that "fibrillation is maintained by the irregular wandering of numerous wavelets generated by the fractionization of a wavefront passing through tissue in a tem, they were able to document that, during sustained atrial fibrillation, there were three to six wavelets present at any given instant. This was substantially fewer than the 20-40 wavelets predicted by Moe's simulation. 9 Allessie et al were also able to demonstrate similar patterns of activation during human atrial fibrillation recorded from small regions of the right and left atria in induced human atrial fibrillation. 3 Because the tachyarrhythmia was induced by rapid atrial stimulation, it was impossible to determine when the fibrillation started and, thus, which reentrant circuits generated the fibrillation. Despite the differences in the number of wavelets observed by Allessie et al compared with those predicted by Moe, these studies generally supported the multiple-wavelet hypothesis. However, as was pointed out by Moe, " to assess the functional significance of the number of wavelets in existence at any given moment, it would be necessary to know the past history."9 Therefore, knowledge of the initial patterns of activation during the tachyarrhythmia is needed to understand the latter phases of the tachyarrhythmia.
The objectives of the present study were to describe the activation patterns during the initial phases of atrial tachyarrhythmias initiated with a single extrastimulus at increasing concentrations of Ach and to test the multiple-wavelet hypothesis. Specifically, the study was designed to enumerate the number and location of reentrant circuits and to relate them to the activation patterns, cycle length, number of wavelets, and duration of the tachyarrhythmia. The results suggest that during the induced arrhythmia multiple circuits are present; however, they fail to perpetuate the fibrillation even at increasing concentrations of Ach. When the fibrillation is sustained, it is the result of a relatively stable single reentrant circuit.
Materials and Methods
Normal mongrel dogs (n=11), weighing between 20 and 25 kg, were intravenously anesthetized with 30 mg/kg pentobarbital. The animals were intubated and placed on a positive pressure respirator. A median sternotomy was performed, and the heart was cradled in the pericardium. The azygous vein was ligated and divided. The interatrial groove was dissected, and the fat pad on the atrioventricular groove was opened to expose the right coronary artery and its atrial and ventricular branches. The animals were heparinized with 100 units/kg sodium heparin. The ventricular branches of the right coronary artery were ligated. The inferior and superior venae cavae were ligated and divided, the aorta was cross-clamped, cold cardioplegia was infused into the aortic root, the heart was covered with iced saline, and the right atrium was rapidly excised. The proximal right coronary artery was cannulated with polyethylene tubing (0.58 mm i.d., 0.965 mm o.d., model PE-50, Intramedic). The ventricle and excess atrial tissue were trimmed off the preparation, and the atrium was unfolded and mounted ( Figure 1 ), epicardial side down, on a flat platform electrode containing 250 bipolar electrode pairs constructed from solid silver wire (diameter, 76 ,um) and with an intraelectrode distance of 200 ,um and an interelectrode distance of 5 mm. The tip of the right atrial appendage was inserted into a slot in the electrode template, which allowed the atrium to lie flat. The surface area of the preparation was approximately 38 cm2. The electrode was then placed in a temperature-controlled bath at 37°C. The preparation was perfused at a rate of 8-10 ml/min with Krebs-Henseleit solution to approximate the normal flow in the canine right atrium.12 Within 5 minutes of establishing the perfusion, the preparation beat spontaneously. At the same time, the preparation was also continuously superfused. Further details of the technique and the normal electrophysiology of the preparation have been previously reported.'3 A bipolar pacing electrode was then sutured to the preparation on the medial side of the posterior right atrial free wall. A pacing threshold was determined, and all pacing was performed at 1.5 times the threshold. Effective refractory period was determined at the pacing site by incrementally increasing the SIS2 interval by 5 msec until capture occurred. The basic S,S, interval was 300 msec. Electrograms were recorded during control conditions, and the electrograms from the last S, and the captured S2 were also recorded.
Ach was infused at incrementally increasing concentrations (10-7-5 10-7, 10-6-5, 10-6 10-55 10-5, and 10-5 M The following definitions were used in the construction of the isochronous maps: 1) Slow conduction was defined as any area having a conduction velocity of <0.2 M/sec. 2) Conduction block was defined as any area satisfying the first condition, with the wave front propagating in opposite directions on either side of the line meeting the condition of slow conduction. In addition, these lines of block and slow conduction were qualitatively associated with bipolar potentials showing multiple deflections (Figure 3 , A3, electrogram D), low level potentials ( Figure 3 , A2, electrogram G), or absence of signal ( Figure 3 , A2, electrogram I).
3) The source of reactivation was defined as the first site to reactivate a region of atrium spontaneously, initiating a new wave front. 4) The site of reentry was defined as the site of a source of reactivation in a region of the atrium associated spatially with a region of block and a late activation time from the previous cycle. During the study, two different tachyarrhythmias were observed: nonsustained arrhythmias, which spontaneously terminated in less than 2 seconds, and sustained arrhythmias, which lasted longer than 2 minutes. The nonsustained events were termed as rapid repetitive responses, and the sustained events were termed fibrillation.
To compare the present data with the work of Moe et a19 and Allessie et al,'0 it was necessary to analyze the number of wavelets present at each point in time. These wavelets represent the position of the 10-msec wave front at any point in time. To perform an analysis of the number of wavelets present at any one millisecond during a tachyarrhythmia, a scaled outline of the atrium used to display the activation maps was divided into unique multiple polygon regions using the technique of tesselation.'4 Each region contained one of the electrodes comprising that part of the surface nearer to its electrode than any other electrode. If a polygon tile activated within the last 10 msec of the time in which the map was constructed, it was colored black. These tile maps were constructed for each millisecond of the tachyarrhythmia. A wavelet was defined as a region of contiguous black tiles, as in the simulation of Moe et al. 9 The number of wavelets at any point during the tachyarrhythmia was tabulated every 10 msec. An example is shown in Figure 11 .
During control conditions and at each concentration of Ach, the following were tabulated: 1) the number of wavelets, 2) the number of different sources of reacti- pletely activated the entire preparation before a source reactivated. The tachyarrhythmia continued until the Ach perfusion was terminated. Then, it stopped, and control rhythm returned. As illustrated in this example, the sustained arrhythmia often stabilized to a single dominant source of reactivation. The details of one of these small stable circuits from another preparation is illustrated in Figure 7 .
As illustrated by the above examples, in all the preparations with increasing concentrations of Ach, the effective refractory period at the pacing site decreased from a control value of 152+19 to 32+15 msec ( Figure  8A ). At the extreme, it was possible in one case to induce a propagated response repeatedly at an SlS2 of 10 Figure  8A ). At the highest concentration (10-5 M), a single extrastimulus at 5 msec above the effective refractory period always induced a sustained fibrillation. As the concentration of Ach increased, there was an increased incidence of nonsustained rapid repetitive responses, which tapered off and was replaced with an increased Figure 8B ). Sixty-seven percent of the time it was possible to trace the complete reentrant circuit, with an area of late activation from the previous cycle spatially adjacent to the earliest time of the next cycle ( Figure 3, A2 and A3) . With increasing Ach concentration, the ability to trace the reentrant circuit decreased. At 10`' M, 100% of the patterns were reentrant, and at 10"-M, in only 57% of the maps could the reentrant pathway be identified. None of the runs of tachyarrhythmia exhibited a completely focal pattern of activation. In any one run of tachyarrhythmia, a focal pattern of activation was intermixed with definable reentrant patterns, often originating from the same site ( Figure 6 ). When this occurred, there was also no abrupt change in the cycle length, because the pattern shifted between an apparent focal pattern and an identifiable reentrant source. Figure 9 shows a plot of the sources of initial activation of the A3 cycle. Most of the sites were located in the posterior free wall. In six of the 11 preparations, the initial line of block occurred parallel to the crista terminalis. Though lines of block and slow conduction occurred frequently in this region, in any one run of tachyarrhythmia, these lines, as well as the site of reentry, could change (Figures 4 and 5) . CLt,s 
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(r= -0.115, p>0.99) or between the rate and the number of sources. The relation between the activation sequence and wavelets is illustrated in Figure 11 . In this example, a rapid fibrillation was initiated by S1S2 of 41 msec. A single, stable, rapid reentrant circuit was initiated near the pacing site. The top panels of the figure show the first five cycles of the fibrillation. The first two cycles were the result of the pacing stimuli, and the remaining three were spontaneous reentrant cycles. In each panel, the activation was started by a single source. The beginning and end of the wave fronts are shown, and the area traversed by that wave front during each beat is shaded to correspond to the source that initiated the wave front. In the fourth panel, wave fronts are still present that were generated by the previous three cycles. In the bottom panels of Figure 11 , the computergenerated tile maps used to analyze the wavelets are shown for five instances during the fifth cycle. The black polygon tiles represent sites that activated within the previous 10 msec of the time shown above the map. Contiguous regions of these tiles represent the 10-msec wavelets. Note that there were six to eight wavelets present at any one instant during the fifth cycle. Discussion It had been anticipated that "pharmacologically" enlarging the atrium with Ach would have increased the number of reentrant circuits present to a critical level such that the reentry would be maintained. Instead of a more complex pattern developing, the sustained tachyarrhythmias stabilized to a single, small, stable circuit ( Figures 6, 7, and 11) . Figures 2-6 illustrate a typical example of a single preparation with increased concentrations of Ach. As anticipated, as the refractory period decreased, the mean rate of the tachyarrhythmias increased (Figure 8 ). Based on the multiple wavelet hypothesis as the refractory period decreased, the number and instability of reentrant circuits should have increased. In Figures 2-5, this trend was present for the nonsustained tachyarrhythmias (Figure lOB) . However, when the average refractory period decreased below 95 msec and the percentage of tachyarrhythmias that became sustained increased, the trend in the patterns of activation was reversed.
In the past, understanding atrial fibrillation has been limited by the methods used to initiate the fibrillation and by the inability to record the activation sequence accurately and in detail. The fibrillation studied by Allessie et a110 and Moe et a19 had to be initiated by a train of stimuli. As a result, even in the simulation studies of Moe et al, it was not possible to determine when the fibrillation actually started. In the present study, the tachyarrhythmias were initiated by a single extrastimulus. As a result, it was possible to relate each wave front during the tachyarrhythmia to its source. In addition, by mapping an isolated segment of atrial tissue, it was possible to map the activation sequence =f ) 1~~~~~~~~~6 with an adequate spatial resolution to delineate the complex activation sequence that occurs in fibrillation. The data from the present study are consistent with previous studies suggesting that atrial fibrillation is a reentrant arrhythmia.1-7,10 At all concentrations of Ach, the A, wave front exhibited an activation pattern similar to that of the control condition, corroborating previous studies by suggesting that Ach has little or no effect on conduction in the atrium.1316 The A2 wave front always showed signs of slow conduction and activation sequence block, even under control conditions. Rensma et al16 have shown that Ach does not directly affect conduction of premature beats in the atrium. Therefore, the slowing and block of conduction is probably due to one of two factors. Either it is due to the refractoriness of the tissue, or it is due to anisotropic conduction related to fiber orientation and complex patterns of intercellular connections. In six of 11 preparations, block occurred parallel to the crista terminalis, as illustrated in Figures  2-6 . This block and slowing of conduction could occur on both the medial and lateral side of the crista. Spach et al17 have shown that on the medial side of the crista overlying the sinus node there is a high refractory period gradient. In addition, they have also shown this region to be an area of complex fiber orientation. Dillon et al18 have demonstrated that, in ventricular tissue, activation wave fronts slow and block parallel to the fiber's orientation; they have also demonstrated conduction times of 80 msec over very short distances (<3.5 mm). The line of block that occurred in the region of the crista rarely was static during successive cycles and often changed, twisting and occasionally lengthening or shortening, as illustrated in Figures 3 and 4 . The changing patterns of block and the dependence of the tachyarrhythmia on the concentration of Ach suggest that the mechanism for block in this study was the refractory period inhomogeneity. The complex anatomy of the right atrium could also be responsible for anisotropic conduction and may have played a role in slowing and block of conduction. The data in the present study do not permit delineation of these mechanisms.
In a study using the same isolated preparation, spontaneous tachyarrhythmias occurred during Ach washout at the time spontaneous pacemaker activity returned.19 Activation block often occurred along the superior vena cava-crista junction and the inferior lateral right atrium similar to the results in this study. Also, in that study, reentry frequently occurred in the inferior lateral right atrium. In the present study, the tachycardias were induced by extrastimulation from a single site, whereas in the spontaneous arrhythmia the sites of initiation were widely dispersed over the atrium, yet the activation patterns of the tachyarrhythmias were similar. This A4 A 123-149 ms --- suggests that the sites of reentry are not solely a function of the site of extrastimulation. In addition, studies of atrial flutter induced in the sterile pericarditis model, in which the pericarditis was uniform over the whole atria, showed reentry in the same region of the lateral right atrium similar to this study. 20 These data suggest that this region is a site of predilection for reentry because of the anatomy or some underlying refractory period inhomogeneity.
In the intact atria, Allessie et aP3 mapped the activation sequence during Ach-mediated tachyarrhythmias induced by rapid pacing. These studies demonstrated a spectrum of tachyarrhythmias from atrial flutter, characterized by a single stable reentrant circuit, to complex patterns with multiple dynamic circuits. Similar to the present study, the right atrium alone was unable to sustain fibrillation, with multiple changing reentrant circuits exhibiting patterns similar to those shown in Figures 4 and 5 . The fibrillation was sustained by wave fronts that entered the right atrium from the left atrium.
The concentration of Ach used in that study was 10"626 M compared with 10`6 M in Figures 4 and 5 . In another example, Allessie et a121 demonstrated a transition from atrial flutter to fibrillation in which the right atrium exhibited a changing pattern of reentry for four cycles. The fibrillation then stabilized to a pattern in which a single site of Bachmann's bundle dominated. The activation in the right atrium was variable, but the source, which was assumed to be a small reentrant circuit, had an average cycle length of 60 msec and persisted until Ach was withdrawn. The example illustrated in Figure 6 was initiated at a higher concentration of Ach and had a shorter average cycle length (40-50 msec) but exhibited a similar pattern, in which the first few beats were unstable with multiple circuits but stabilized to one circuit. These examples and the example illustrated in Figure 7 are similar to what Lewis called "impure flutter. "6 In the present study, when the tachyarrhythmias were sustained, it was not because there were multiple dynamic circuits but because a single reentrant circuit assumed dominance. If (Figure 2) . As the refractory period is decreased with Ach, smaller islands of refractory period inhomogeneity become potential sites for reentrant circuits to develop. Note, for instance, in Figure 3 , Al, that a smaller area of block develops in the inferior medial portion of the atrium. No reentry occurs; however, at a higher concentration of Ach (Figure 4, A4) , reentry does occur.
Sustained atrial fibrillation was also associated with shorter cycle lengths. The cycle lengths of the rapid repetitive responses were longer and exhibited greater variability. This suggests that, as the wave front traversed a longer pathway, it was more sensitive to cyclic variability in the refractoriness and excitability of the tissue. The activation sequences of the rapid repetitive responses show a slower conduction velocity around the circuit, indicating that the wave front was encountering tissue that was still partially refractory, making it even more sensitive to cyclic variations. When the tachyarrhythmia was sustained, the electrograms of the initial beats were often multiphasic and irregular (Figures 6 and 7) but became biphasic and regular, suggesting that the wave fronts were encountering less refractory tissue. When the rapid repetitive response terminated, it was generally associated with a prolongation of the last cycle. Frame and Simson,23 in an isolated ring of atrial tissue, demonstrated that spontaneous termination of atrial reentry was a result of oscillations of conduction and refractoriness. In that study, Ach decreased the amplitude of oscillations in cycle length.
Contrary to the simulations of Moe et al,9 the sustained fibrillation in these studies was not characterized by multiple sites of reentry changing on a beat-to-beat basis. Multiple simultaneous circuits were unstable, but usually one of the circuits would dominate and extinguish the others. A possible explanation as to why the predictions of Moe et al were not observed in the present study may relate to the underlying refractory period distribution. In the simulation studies, the refractory periods were randomly distributed, whereas studies of distribution in the normal intact dog suggest an underlying pattern or gradient of inhomogeneity. 16 unable to map the activation sequence of the fibrillation. In the present study, there was an increase in the probability of a sustained tachyarrhythmia with an increase in the average number of wavelets present.
With the increasing complexity of nonsustained rapid repetitive responses, the correlation of the number of wavelets with the number of reentrant circuits supported the concept that multiple dynamic circuits were initiating successive beats of the tachyarrhythmia. However, the correlation was not maintained when the sustained tachyarrhythmias were compared.
The increased number of wavelets did not reflect the increased complexity of activation but was a consequence of the rapid rate of the tachyarrhythmia. Figure  11 demonstrates how a single rapid reentrant circuit generates multiple wavelets. In these examples, wave fronts from previous cycles are still present when the circuit reenters. Thus, at any one instant of time ( Figure  11 ), multiple wavelets give the appearance of a more complex pattern of activation than seen on the activation map.
Another difference between the present study and the simulation is the size of tissue. Lewis, 6 may be amenable to interventions such as pacing, surgical or catheter ablation, or denervation.
